Developmental biology has long benefited from studies of classic model organisms. Recently, human pluripotent stem cells (hPSCs), including human embryonic stem cells and human induced pluripotent stem cells, have emerged as a new model system that offers unique advantages for developmental studies. Here, we discuss how studies of hPSCs can complement classic approaches using model organisms, and how hPSCs can be used to recapitulate aspects of human embryonic development 'in a dish'. We also summarize some of the recently developed genetic tools that greatly facilitate the interrogation of gene function during hPSC differentiation. With the development of high-throughput screening technologies, hPSCs have the potential to revolutionize gene discovery in mammalian development.
Introduction
Human pluripotent stem cells (hPSCs), which include human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), can self-renew indefinitely in culture while maintaining the ability to become almost any cell type in the human body (Takahashi et al., 2007; Thomson et al., 1998; Yu et al., 2007) . The potential of using hPSCs for cell replacement therapy and disease modeling has been discussed extensively (Wu and Hochedlinger, 2011) . This Review focuses on an equally important, yet often overlooked, aspect: using hPSCs to gain insights into human embryonic development. Although this potential has been long recognized (Keller, 2005; Pera and Trounson, 2004) , it is only beginning to be realized, owing to advances in both in vitro differentiation approaches and genetic manipulation tools in hPSCs. In this Review, we summarize the latest progress in this nascent, yet rapidly advancing, field and discuss future prospects and potential challenges of using hPSCs for studies of developmental biology. First, the strengths and limitations of classic model organisms are discussed to highlight the need for a new model. Second, we illustrate how hPSCs can be used to recapitulate defined steps of embryogenesis, and we discuss how hPSC-based studies can lead to novel insights into human development. Next, we review new genetic tools that can be applied to interrogate gene function during the in vitro differentiation of hPSCs. Finally, the potential of using hPSCs for discovery-driven research is discussed.
This Review focuses primarily on work performed using hPSCs, with occasional references to studies using mouse pluripotent stem cells when comparable studies are not yet available in human cells; work from both hiPSCs and hESCs is discussed, although more examples stem from hESCs, owing to their more-frequent use in differentiation experiments. Nonetheless, because of the high degree of similarity between hESCs and hiPSCs (Yamanaka, 2012) , it is likely that the general strategies and most conclusions will apply to both hESCs and hiPSCs.
The need for a new model system
A main challenge in biology is to understand the development of the human body. This is driven not only by our basic curiosity of life, but also by the practical need to find cures for the numerous human diseases caused by developmental defects. We have accumulated an incredible amount of knowledge about the human genome, physiology and anatomy. By contrast, there is little direct information about how embryonic development is regulated. Mutation analysis in hereditary diseases is widely used to identify potential disease-associated genes, although this approach is largely limited to studies of defects presenting after birth. Furthermore, the functional validation of risk loci presents a major challenge. As we obviously cannot manipulate human development in the same way we do when experimenting on a mouse or a fruit fly, much of our knowledge about human development has been extrapolated from studies of model organisms. These studies have provided fundamental insights into the general principles of development, as well as into the genes and signaling pathways that control specific aspects of cell fate specification and tissue morphogenesis. Many of these genes and signaling pathways play conserved roles in human development. For example, genetic studies in Drosophila have demonstrated crucial roles for Hox genes in controlling body plan, and similar roles for Hox genes have been described in other organisms, including humans (Mallo et al., 2010) . For practical reasons, the mouse has become the premier experimental system with which to model human organ development. Mice and humans have a similar genome size. They share 99% of their genes and exhibit vast similarities in development, anatomy and physiology. We now have a large repertoire of powerful genetic tools available for studies of murine development (Nagy, 2002) . For example, fluorescent-protein reporters are widely used to visualize dynamic biological processes during embryonic development (Hadjantonakis et al., 2003) , various lineage-tracing strategies have been developed to follow the progeny of individual cells (Kretzschmar and Watt, 2012) and numerous mouse mutants have been generated to study gene function in development (Capecchi, 2005) . Reassuringly, mutations often cause similar phenotypes in mice and humans. For example, null mutations in pancreatic and duodenal homeobox 1 (Pdx1) or pancreas specific transcription factor 1a (Ptf1a) cause almost complete absence of the pancreas in both mice (Jonsson et al., 1994; Kawaguchi et al., 2002; Krapp et al., 1998; Offield et al., 1996) and humans (Sellick et al., 2004; Stoffers et al., 1997) .
However, despite being a powerful model organism, the mouse has some notable limitations. Around 1% of human genes have no identifiable mouse homologs (Waterston et al., 2002) . Although most genes are expected to play conserved roles in mice and humans, obvious species-specific differences exist in gestation period, morphology, and the spatial and temporal regulation of gene expression during embryonic development. Consequently, mouse models do not always fully replicate the features of human diseases (Elsea and Lucas, 2002) . A famous example is hypoxanthine-guanine phosphoribosyl transferase (Hprt), the first gene mutated through gene targeting in mouse embryonic stem cells (mESCs) (Doetschman et al., 1988; Thomas and Capecchi, 1987) . In humans, HPRT deficiency causes Lesch-Nyhan syndrome, a disorder of uric acid over-production and neurological dysfunction. However, these symptoms are not observed in Hprt mutant mice (Finger et al., 1988) . In a more recent example, heterozygous inactivating mutations in GATA6 have been identified in more than half of human cases of pancreatic agenesis (Allen et al., 2012) . However, Gata6 heterozygous null mice show no obvious phenotype, whereas Gata6 homozygous null mice die during gastrulation, precluding analysis of pancreatic phenotypes (Morrisey et al., 1998) . Recent conditional knockout studies show that deletion of both Gata4 and Gata6 (i.e. loss of four alleles of the GATA genes) is necessary to generate the same pancreatic phenotype in the mouse (Carrasco et al., 2012; Xuan et al., 2012) . There are almost certainly many other genes like GATA6 for which such mouse-human discrepancies exist, owing to several nonmutually exclusive possibilities: (1) species-specific gene requirement; (2) overlapping functions with a related gene in a species-specific manner; and/or (3) differences in gene dose sensitivity between humans and mice, as observed in the development of organs such as the heart and the limb (Bruneau, 2008; Wilkie, 2003) . Therefore, it is not uncommon to miss the crucial function of a gene in human development, even after conducting extensive studies in mouse models.
Another challenge lies in the difficulty of discovery-driven research in the mouse. Since the 'Heidelberg screen' in fruit flies led by Christiane Nüsslein-Volhard and Eric Wieschaus (Nüsslein-Volhard and Wieschaus, 1980) , genetic screens in model organisms have been instrumental in aiding our understanding of embryonic development and human diseases. Such screens are most popular in invertebrate species such as Caenorhabditis elegans and Drosophila melanogaster, although several forward genetic screens have also been conducted in the mouse (Acevedo-Arozena et al., 2008) . One such screen led to the surprising discovery of the primary cilium as an essential cellular organelle for Hedgehog (HH) signal transduction (Huangfu et al., 2003) . This study clearly demonstrates the necessity of conducting genetic screens in mammals, as cilia are not required for HH signaling in Drosophila. It is theoretically possible to perform saturation screens in the mouse to uncover all genes involved in a specific process of interest. However, there are practical constraints: money, time and the space to house the mice produced from a genome-wide mutagenesis screen. Consequently, a more-efficient screening platform is highly desirable for systematic studies of mammalian development. Compelling evidence suggests that in vitro differentiation of hPSCs recapitulate aspects of human development, and may be used as a new model system for human developmental studies.
Modeling embryonic development using hPSCs
Thomson and colleagues derived the first hESC lines from cultured human blastocysts (Fig. 1A) (Thomson et al., 1998) . This was almost two decades after the first mESCs were derived (Evans and Kaufman, 1981; Martin, 1981) . In a more recent breakthrough, Yamanaka and Takahashi reprogrammed adult mouse cells into induced pluripotent stem cells by expressing four transcription factors [Oct3/4 (Pou5f1), Sox2, Myc and Klf4] (Takahashi and Yamanaka, 2006) . This time, the leap to human cells took only 1 year, and hiPSCs (Fig. 1B) were soon generated (Takahashi et al., 2007; Yu et al., 2007) . The ability to generate hiPSCs from patient samples makes it possible to study crucial aspects of a disease of interest (see section below), and for autologous cell replacement therapy (Wu and Hochedlinger, 2011) . Furthermore, and as we discuss below, in vitro differentiation and genetic manipulation of hPSCs also provide great opportunities to study human embryonic development.
Two unique characteristics of hPSCs make them well suited for studies of human development. First, hPSCs have the potential to generate every adult cell type, offering an attractive window into understanding human development. Their in vitro culture system also provides a rapid, cost-effective way to interrogate the function of a gene during a specific developmental process. Second, hPSCs have unlimited self-renewal capacity, providing abundant material for high-throughput screening (HTS). Therefore, hPSCs may be used not only for testing hypotheses stemming from prior studies in model organisms, but also for discovery-driven research through biological and chemical screening. Such studies rely on robust in vitro differentiation platforms that faithfully mimic embryonic development. 
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Embryoid bodies: a potential model of early embryogenesis
When cultured in suspension without feeder layers, hPSCs spontaneously form aggregates known as embryoid bodies (EBs) . EBs typically start from densely packed cells, and progress to cystic structures, the center of which becomes cavitated and filled with fluids. EB formation is widely used as the initial step in many differentiation protocols; cells in EBs can be guided towards specific cell lineages through exposure to differentiation cues (discussed below) . Interestingly, some degree of polarity and tissue regionalization have been observed during EB formation . Although far from recapitulating the patterning of actual embryos, this regionalization is reminiscent of gastrulation, the process responsible for the formation of the three embryonic germ layers: ectoderm, mesoderm and endoderm.
Analysis of the expression profiles in human EBs demonstrated that a cascade of genes that govern gastrulation and germ layer formation is activated sequentially, which appears to correspond to the sequential stages of embryonic development (Dvash et al., 2004) . Among them are genes known to be involved in early pattern formation, supporting the use of EBs as a valuable model for understanding the molecular mechanisms that underlie early human embryogenesis. For example, studies in human EBs suggest that LEFTY and NODAL, members of the transforming growth factor β (TGFβ) family, play conserved roles in gastrulation in human embryos (Dvash et al., 2007) ; inhibition of the NODAL/LEFTY pathway impairs differentiation of hESCs into the mesodermal lineage. However, species-specific differences also exist. Using human EBs to recapitulate yolk sac development, TGFβ signaling was shown to inhibit endothelial differentiation, the opposite of its role in mice (Poon et al., 2006) . Therefore, human EBs provide a valuable model system for studying both conserved and non-conserved mechanisms of early embryogenesis.
Compared with differentiation in adherent culture conditions, the three-dimensional (3D) structure of EBs offers the benefit of potentially recapitulating complex cell and tissue interactions. For example, cells that resemble the gastrula organizer were identified in human EBs, and these cells induced a secondary axis when transplanted into frog embryos (Sharon et al., 2011) . These findings suggest that human EBs can offer insights into the establishment of body axis in human embryos. However, spontaneous differentiation in EBs often involves cellular responses to local morphogen signals. As it is difficult to control precisely the microenvironment in EBs, it is not always straightforward to interpret results from EB-based experiments. Besides, the heterogeneity in the size and developmental timing of EBs may also limit their use as a robust in vitro model of early embryogenesis. Methods are being developed to generate EBs in a more uniform and reproducible manner. For example, forced aggregation of defined numbers of hPSCs or the use of 3D microwell cultures tends to generate EBs that are more uniform in size and morphology (Mohr et al., 2010a; Ng et al., 2005) . Another study employed a semi-solid 3D extracellular matrix to support the formation of EBs with more organized germ layer structures (Rust et al., 2006) . These technological improvements may lead to the wider use of EBs for studies of early embryogenesis.
Modeling cell fate specification through directed differentiation
To address specific issues regarding lineage commitment, it is necessary to develop more defined differentiation conditions. Diverse methods have been developed: most involve the addition of recombinant growth factors or small-molecule compounds, with many methods using adherent culture conditions, some using EB formation and others using feeder cells (Fig. 2) . We summarize below three key aspects of directed differentiation, and highlight the strong connection between hPSC differentiation and embryonic development in model organisms.
First, directed differentiation typically consists of a series of defined steps that mimic the process of embryonic development. One of the first developmental events to consider is the formation of three germ layers through gastrulation; consequently, most protocols involve first directing hPSCs to ectoderm, endoderm or mesoderm, followed by a series of steps to guide the differentiation towards a particular cell type of interest ( Fig. 2) (Williams et al., 2012) . For example, to generate retinal epithelium or photoreceptors, hPSCs are first differentiated into neuroectoderm, then into cells representing the eye field; finally, a subset of cells undergoes advanced retinal differentiation over a time course that closely mimicks that of human retinal development (Meyer et al., 2009) . In vitro differentiation of human pluripotent stem cells (hPSCs) can be performed in adherent culture or in suspension culture via embryoid body (EB) formation. In both formats, differentiation can be induced by treatment with growth factors and small molecules to activate or inhibit various signaling pathways in a step-wise manner by mimicking embryonic development. Typical differentiation protocols are illustrated using three specific examples: motoneurons from the ectoderm Wichterle et al., 2002) , erythropoietic cells from the mesoderm (Niwa et al., 2011) and intestinal cells from the endoderm (Spence et al., 2011) . In each case, the signaling factors and pathways required (or those that need to be inhibited) to drive differentiation into the appropriate cell types are indicated. BMP, bone morphogenetic protein; EGF, epidermal growth factor; EPO, erythropoietin; FGF, fibroblast growth factor; FP6, interleukin 6 (IL6) and IL6 receptor fusion protein; IL, interleukin; RA, retinoic acid; SCF, Kit ligand; SHH, sonic hedgehog; TPO, thyroid peroxidase; VEGF, vascular endothelial growth factor.
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Second, each differentiation step is guided by specific differentiation cues. Recombinant growth factors and smallmolecule compounds are commonly used to mimic signals that are known to instruct embryonic development. For example, guided by knowledge of germ layer formation during gastrulation (Keller, 2005) , hPSCs are exposed to high concentration of activin A (a TGFβ family member) for differentiation into endoderm (D'Amour et al., 2005) , to bone morphogenetic protein 4 (BMP4) and activin A for mesoderm differentiation , and to inhibitors of BMP and WNT signaling for ectoderm formation (Lamba et al., 2006) (Fig. 2) . The same is true for later steps of differentiation. To illustrate, the generation of pancreatic progenitor cells from hPSCs (D'Amour et al., 2006) involves manipulating multiple signaling pathways known (from studies in mice, zebrafish and frogs) to play a role in pancreas specification, including activation of retinoic acid and fibroblast growth factor 10 (FGF10) signaling and inhibition of HH signaling (Cleaver and MacDonald, 2010) . When prior knowledge of embryonic development is not readily available, one strategy is to recapitulate the in vivo environment by using cells isolated from the physical location where the desired cell type emerges. In an elegant recent study, for example, defined signaling cues were first used to differentiate mESCs into ectoderm, and then into otic progenitors (Oshima et al., 2010 ). These otic progenitors were then plated onto a layer of stromal cells from the inner ear to induce the formation of sensory hair cells. Collectively, these studies demonstrate that lineage commitment during hPSC differentiation can mimic embryonic development and involves similar signaling events.
Finally, the identity of an hPSC-derived cell type is validated through comparison with its in vivo counterpart. An ever-increasing list of cell types has now been generated from hPSCs (Williams et al., 2012) . Typically, the first step of validation involves the examination of specific markers expressed by the in vivo counterpart, often using information from mouse studies. More stringent functional validation is performed based on knowledge about the physiological functions of the cell. For example, transplanted hESC-derived retinal progenitor cells were shown to differentiate into functional photoreceptors and restore some light responses in a blind mouse model (Lamba et al., 2009) . Another recent study has created dopaminergic (DA) neurons that exhibit similar electrophysiological features to endogenous DA neurons (Kriks et al., 2011) . When transplanted into animal models of Parkinson's disease, such hPSC-derived DA neurons completely reversed the drug-induced rotation behavior, and recipient mice and rats demonstrated improvements in tests of forelimb use and control of voluntary movements.
A complication in the functional analysis of hPSC-derived cells, however, lies in the fact that the desired cell type is present in the differentiation culture with many other cell types, and the therapeutic use of such mixed cell populations has been debated. One study, for example, used hPSCs to generate pancreatic progenitor-like cells, which appear to give rise to functional, glucose-responsive pancreatic β-cells 3 months after transplantation into immunocompromised mice (Kroon et al., 2008) . However, the differentiation culture contains endodermal cells at different stages of differentiation, as well as various cell types from nonendodermal lineages. This poses a hurdle to therapeutic use of such cells, owing to concerns about teratoma formation and the unpredictable effects of a mixed population. Additionally, transplantation of such a mixed cell population and the long in vivo differentiation time also casts doubts on the origin of β-cells formed after the transplantation, and makes it difficult to identify the exact signals necessary for the specification and maturation of β-cells. A follow-up study by the same group has identified cellsurface markers that can be used to enrich pancreatic progenitor cells for transplantation assays (Kelly et al., 2011) . Although the cells were not enriched to purity, this is certainly an important step towards better functional assessment of hPSC-derived cells. Another study also showed that it is possible to produce a purer target cell population through enrichment of progenitor cells at an earlier differentiation step (Cai et al., 2010) . In addition, more precisely controlled culture conditions at early differentiation stages may also reduce the heterogeneity in the target cell population. For example, although treatment with both high and low doses of activin generates similar percentage of endoderm progenitors, the high dose produces a higher percentage of insulin-expressing cells at a later stage (D'Amour et al., 2006) . Future functional analyses will probably benefit from improvements in differentiation protocols as well as cell enrichment methods, which can be based on the identification of specific cell-surface markers or on the development of faithful fluorescent reporters (see below).
Understanding human development: insights gained from studying hPSCs
The maintenance of pluripotency in hPSCs has been a topic of great interest to stem cell biologists. The knowledge gained from such studies, although not always directly applicable to embryonic development, has greatly improved our understanding of the interplay of signal transducers, transcription factors and epigenetic regulators during development in general. For example, transcriptional pausing after promoter binding and transcription initiation was first described in hESCs through genome-wide analysis of histone modifications (Guenther et al., 2007) . Further studies in zebrafish and flies have shown that such transcriptional pausing features are also present in differentiated cell types and may contribute to cell fate determination during embryonic development (Bai et al., 2010; Zeitlinger et al., 2007) .
Perhaps more importantly, hPSCs have also emerged as a model system for investigating directly the mechanisms that underlie embryonic development. It is clear that information gained from studies of model organisms has greatly facilitated the search for defined conditions to direct hPSCs to specific fates (Fig. 3) . This supports the general conclusion that most developmental mechanisms are conserved. One may argue that the best way to evaluate our understanding of embryonic development is to use hPSCs to recapitulate the same process in vitro. However, humanspecific transcriptional regulation and signaling pathways have also been uncovered. For example, neuroectoderm specification is one of the best-studied processes during gastrulation. A recent study shows that Pax6 is both necessary and sufficient for neuroectoderm specification from hESCs but not from mESCs (Zhang et al., 2010) . Furthermore, hPSCs also offer unique advantages for studying conserved developmental mechanisms. For example, the exact role of TGFβ signaling in pancreatic development has been debated in mice (Harmon et al., 2004; Sanvito et al., 1994; Tei et al., 2005; Tulachan et al., 2007; Wandzioch and Zaret, 2009) , potentially owing to the time-sensitive requirement of TGFβ signaling during pancreatic development. Like many other genes and signaling pathways, TGFβ signaling is used repeatedly during embryonic development. To circumvent limitations of pleiotropic gene functions in in vivo studies, substantial efforts are often required to generate conditional knockout or hypomorphic alleles, whereas it is relatively straightforward to manipulate TGFβ signaling (or another protein of interest) during a specific
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Development 140 (4) REVIEW Development 140 (4) developmental time window using hPSCs. Recent hPSC-based studies show that TGFβ signaling inhibits the differentiation of pancreatic progenitors into the endocrine lineage -the lineage that gives rise to β-cells (Nostro et al., 2011; Rezania et al., 2011) . Therefore, we foresee that hPSCs will become a powerful model system that can be used to uncover both conserved and nonconserved novel developmental mechanisms.
Prospects and potential challenges of using hPSCs as a developmental model
Through directed differentiation of hPSCs, developmental biologists now have unprecedented access to a wide variety of hPSC-derived human embryonic cell types and early developmental processes. However, several challenges remain. For example, there is marked heterogeneity between hPSC lines in their ability to differentiate into different cell lineages (Hu et al., 2010; Osafune et al., 2008) . Consequently, hPSC-line-specific optimization is often necessary to adapt differentiation protocols developed by different research groups. Several factors contribute to such heterogeneity among hPSC lines, including the genetic background, and the derivation and culture conditions. Indeed, epigenetic differences have been identified among different hPSC lines or the same line after different numbers of passages (Mekhoubad et al., 2012; Nazor et al., 2012) . For induced pluripotent stem cells (iPSCs), the epigenetic memory of their tissue of origin (Bar-Nur et al., 2011; Kim et al., 2010; Polo et al., 2010) , and genetic and epigenetic alterations during reprogramming and the subsequent propagation of cells (Gore et al., 2011; Hussein et al., 2011; Laurent et al., 2011; Lister et al., 2011; Mayshar et al., 2010) may contribute further to the heterogeneity. The existence of heterogeneity among hPSC lines emphasizes the importance of validating findings using multiple cell lines.
Another major challenge lies in the difficulty of generating mature functional cell types. For example, in vitro differentiation of hPSC-derived pancreatic progenitors generates mostly immature β-cells with poor glucose responsiveness (D'Amour et al., 2006) . The difficulty in generating mature cells may simply lie in the challenge of recapitulating the long developmental time frame within an in vitro environment; during human development, insulin-secreting cells appear around 2 months post-conception, but regulated glucose-stimulated insulin secretion occurs only after birth (Espinosa de los Monteros et al., 1970) . A recent study employed a series of chemical inhibitors to deliberately accelerate the acquisition of a mature cell fate, in this case neuronal, by threefold (Chambers et al., 2012) . This strategy may apply to other cell types, although it remains unclear whether 'accelerated development' employs the same signaling cascade used in normal embryonic development. A second hurdle is the lack of knowledge of key signals required for the final maturation step. Indeed, compared with the vast amount of knowledge about early development, we know relatively little about terminal differentiation. As most differentiation protocols are modeled on 
Fig. 3. Advancing developmental biology and regenerative medicine through studies of hPSCs and model organisms.
Genetic studies, including genetic screens and loss-and gain-of-function (LOF and GOF) studies, from the mouse and other model organisms have identified many genes and signaling pathways that govern various aspects of development. Such information has guided the search for defined conditions to turn hPSCs into specific cell types of all three germ layers (Ec, ectoderm; Me, mesoderm; En, endoderm). With the development of new genetic tools, it is now possible to use hPSCs as a new model system for studies of human development. The generation of desired cell types from hPSCs will also advance regenerative medicine in several aspects, including cell replacement therapy, disease modeling and drug discovery. shRNA, short hairpin RNA; siRNA, small-interfering RNA.
DEVELOPMENT murine development, key human-specific components may be missing. Large-scale chemical and biological screening (discussed below) may help to identify some of the missing components. Finally, an often-overlooked aspect is that non-functional cells may be generated because of problems in earlier differentiation steps. For example, DA neurons can be generated through either rosetteor floor-plate-based protocols; however, only the second approach appears to recapitulate midbrain DA neuron development faithfully and to generate functional DA neurons that efficiently engraft in animal models (Kriks et al., 2011) . This result highlights the necessity for recapitulating the exact ontogeny of a cell. In another example, a seemingly trivial optimization step at the first stage of differentiation (definitive endoderm) leads to a significant increase in expression of β-cell markers several stages later (Nostro et al., 2011) . As the generation of a terminally differentiated cell almost certainly requires multiple steps of differentiation, these findings emphasize the importance of optimizing every single differentiation step, and verifying the identity of each intermediate cell type. Finally, unlike lineage commitment, some aspects of development, such as tissue morphogenesis and patterning, cannot be easily recapitulated using current differentiation protocols. This may also pose a hurdle for studying lineage commitment of cells that rely on tissue-tissue interactions for their proper specification, maturation and survival. Several recent studies have successfully generated 3D organs or 'organoids' from hPSCs. In one example, hPSCs were guided through definitive endoderm, posterior endoderm and hindgut, before forming hindgut epithelial tubes that bud off as floating spheroids (Spence et al., 2011) . When cultured in conditions that support the growth of the adult intestinal epithelium, these hPSC-derived spheroids developed further into intestinal organoids consisting of major fetal intestinal cell types. Several self-forming 3D neural and glandular tissue structures have also been reported by Sasai and colleagues (Eiraku et al., 2011; Eiraku et al., 2008; Nakano et al., 2012; Suga et al., 2011) . In a visually striking example, mESC-derived retinal epithelium spontaneously formed cup-like hemispherical epithelial vesicles reminiscent of optic cups (Eiraku et al., 2011) , and similar findings were recently reported using hESCs (Nakano et al., 2012) . Though still in their early stages, these discoveries suggest hPSCs may be used not only to study cell fate specification, but also to analyze more complex cellular behaviors during development, such as tissue morphogenesis.
Modeling human diseases using hPSCs
In addition to studies of normal development, hPSCs also offer a way to recapitulate abnormal development and to investigate the pathogenesis of human diseases. Many disease-relevant cells, such as neurons, are not easily accessible in patients. Therefore, animal models, especially mouse models, have been widely used to understand the pathogenesis of human diseases. However, mouse models do not always recapitulate the phenotypes manifested in humans, as discussed above. hPSCs carrying disease-associated genetic modifications may overcome these limitations by providing unlimited supplies of any disease-relevant human cell type for studies of human disease and developmental toxicology (van Dartel et al., 2010) .
Disease-relevant hPSCs can be generated using several approaches. Human embryos with genetic defects identified through preimplantation genetic diagnosis (PGD) can be used to create hESCs for study of diseases caused by chromosomal abnormalities and known disease-associated mutations (Maury et al., 2012) . In addition to offering developmental biologists access to human embryonic development, such studies may lead to a better understanding of spontaneous abortions during early pregnancy, the underlying causes of which remain poorly understood (Macklon et al., 2002) . However, PGD embryos are available only for a limited number of human diseases. This limitation has been overcome, as it is now possible to generate iPSCs from individuals with a wide ranges of diseases, including monogenic diseases such as spinal muscular atrophy (SMA) and complex diseases such as Parkinson's disease (Wu and Hochedlinger, 2011) . The development of these iPSC-based disease models can allow researchers to study the roles of a specific gene in developmental cell fate decisions and the physiological functions of disease-relevant cells. In the first proofof-principle study, iPSCs derived from an individual with SMA were differentiated into motoneurons with similar efficiencies to iPSCs from the unaffected mother of the individual. However, prolonged cultures revealed a significant reduction in the number of motoneurons, consistent with the disease phenotype of selective motoneuron loss (Ebert et al., 2009) . Although this study supports the enormous potential of using iPSCs to model a specific pathological condition associated with a hereditary disease, variations among hiPSC cell lines may affect their use during disease modeling. Although it is possible to control the derivation/culture conditions, and the types of cells used for generating hiPSCs, it is impossible to completely eliminate genetic variations in hiPSC lines generated from two different individuals. A good solution to this problem is to generate isogenic hPSC lines that differ only in the disease-causing genetic modification(s). hESC lines have been generated to create the HPRT mutation for modeling of Lesch-Nyhan syndrome (Urbach et al., 2004; Zwaka and Thomson, 2003) . Unlike the mouse model, mutant human cells exhibit significant accumulation of uric acid, supporting the feasibility of using genetically modified hPSCs for disease modeling. More successful examples are expected to emerge with improvements in gene targeting technologies (discussed below).
New genetic tools for hPSC research
To use hPSCs for studies of human development and disease, it is essential to develop powerful genetic tools. Below, we highlight recent advances that enable both the generation of tissue-specific fluorescent reporter lines and the perturbation of gene expression. The strengths and weaknesses of transgenic approaches have been extensively discussed elsewhere (Giudice and Trounson, 2008) ; of note, the main advantages are the convenience and experimental feasibility of the approach, while the drawbacks include position effects, copy number variation and transgene silencing. Instead, we focus on the gene targeting approach, which has undergone a major transformation in recent years and may revolutionize genetic studies in hPSCs.
Gene targeting mediated by ZFNs and TALENs
Gene targeting refers to the introduction of site-specific modifications into the genome by homologous recombination (HR). This approach is widely used in the mouse to generate null (complete loss-of-function) or hypomorphic (partial loss-offunction) mutations, or to create reporter genes to track the expression of an endogenous transcript. Since the first successful targeting of the mouse Hprt gene (Doetschman et al., 1987; Thomas and Capecchi, 1987) , numerous murine genes have been targeted. However, only a small number of loci have been successfully targeted using conventional gene targeting methods in hPSCs, owing to the low efficiency of HR (Hockemeyer and Jaenisch, 2010) . This is now poised to change.
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Development 140 (4) REVIEW Development 140 (4) It has long been recognized that inducing a DNA doublestranded break (DSB) at the target locus substantially increases the efficiency of HR (Puchta et al., 1993; Rouet et al., 1994; Smih et al., 1995) . Based on this idea, two methods have been developed to introduce DSBs at the target site. These involve zinc-finger nucleases (ZFNs; see Box 1); and, more recently, transcription activator-like (TAL) effector nucleases (TALENs; see Box 1). These engineered chimeric proteins are composed of separate DNA-binding and DNA-cleavage domains, which enable them to act as 'genomic scissors' that can induce DNA breaks at specific genomic loci. In the presence of a donor DNA fragment containing homology arms to the target locus, HR-mediated DNA repair results in the insertion of the donor DNA sequence into the specific genomic locus. This approach can be used to generate point mutations, genomic deletions and insertions of reporter genes.
The use of ZFNs or TALENs greatly improves the gene targeting efficiency over traditional methods. It is also more convenient, as only short homology arms (~500 bp or even shorter) are needed, in contrast to typically much longer homology arms (2-6 kb or even longer) used in conventional gene targeting experiments. Using single-stranded DNA oligos (ssDNA) as the donor, the length of each homology arm can be further reduced tõ 40 bp, with the full length of donor ssDNA being only ~100 bp (Chen et al., 2011; Liu et al., 2010) ; this has recently been applied to hPSCs (Soldner et al., 2011) . A shorter homology arm can reduce the time needed to generate the donor DNA template and increase the transfection efficiency.
These new gene-editing technologies are expected to greatly accelerate the pace of using hPSCs lines for studies of development and disease. In a recent study, point mutations in the gene encoding α-synuclein were generated to model Parkinson's disease (Soldner et al., 2011) . The generation of isogenic cell lines that differ only in disease-associated mutations will be invaluable for distinguishing disease-associated phenotypes from background noise. In addition to generating reporter lines and modifying endogenous genes, ZFNs and TALENs may also assist the targeting of transgenes into a chosen genomic locus. Compared with random transgene integration, targeted transgenesis has a number of advantages: the integration site can be chosen to allow reliable expression, and only a single copy of the transgene is introduced. Site-specific transgenesis was first used to introduce a transgene into the Hprt locus in mESCs 16 years ago (Bronson et al., 1996) . Since then, the mouse ROSA26 locus, identified in a gene trap screen by Philippe Soriano and colleagues (Zambrowicz et al., 1997) , has become the most widely used locus for transgene insertion. Identifying similar transgene safe-harbor loci (see Box 2) in the human genome would allow convenient interrogation of gene function during hPSC differentiation. Notably, the adeno-associated virus site 1 (AAVS1) locus appears to be a good candidate for such a locus: around half of the clones are correctly targeted in ZFN-or TALEN-mediated gene targeting experiments (Hockemeyer et al., 2009; Hockemeyer et al., 2011) . Consequently, straightforward gene overexpression or knockdown studies can be performed in hPSCs by targeting cDNA or shRNAs into the AAVS1 locus. For example, using ZFNs, it is possible to target both AAVS1 alleles in trans in a single experiment for expression of M2rtTA (reverse tetracycline-controlled transactivator) and a tetracycline response element that drives the expression of a gene of interest for flexible temporal control of gene expression (DeKelver et al., 2010) .
Gene targeting in hPSCs: prospects and challenges
We anticipate these technologies will have a profound impact on studies of developmental biology and disease using hPSCs. Future challenges include further improving the efficiency of ZFNs and
Box 1. Designer ZFNs and TALENs for gene targeting
Zinc-finger nucleases (ZFNs) are engineered chimeric proteins composed of a zinc-finger DNA-binding domain and a FokI DNA cleavage domain (see figure; colored blocks represent zinc-finger motifs, which are color coded for different binding specificity to DNA triplet sequences). Zinc fingers are among the most common DNA-binding motifs in eukaryotic transcription factors. When Pavletich and Pabo described the first crystal structure of zinc fingers bound to DNA (Pavletich and Pabo, 1991) , they immediately recognized the potential of designing artificial DNA-binding proteins based on the simple modular zinc-finger/DNA interaction: each finger primarily interacts with three nucleotides in DNA. Chandrasegaran and colleagues went one step further, and engineered the first ZFNs to cleave DNA at a predetermined site (Kim et al., 1996) . To target a specific genomic locus, a pair of ZFNs is designed to bind to DNA in opposite orientation with a defined space in between. In the presence of a donor DNA fragment containing homology arms to the target gene, homologous recombination-mediated DNA repair will result in the insertion of donor DNA sequence into the specific genomic locus.
Transcription activator-like (TAL) effector nucleases (TALENs) are built upon a new class of DNA-binding proteins -the TAL effectors -identified in Xanthomonas, a group of bacterial plant pathogens (Boch and Bonas, 2010 ) (see figure; colored blocks represent TAL effector repeats, which are color coded for different binding specificity to single-nucleotide targets). They have a unique DNA-binding domain consisting of repetitive units that each recognizes one specific nucleotide (Boch et al., 2009; Deng et al., 2012; Mak et al., 2012; Moscou and Bogdanove, 2009 ). This simple code makes it more straightforward to engineer artificial TAL DNAbinding domains than zinc fingers to recognize specific DNA sequences. Similar to ZFNs, designer TALENs can be created by fusing the TAL DNA-binding domain to the FokI DNA cleavage domain (Cermak et al., 2011; Miller et al., 2011) . TALEN-mediated gene targeting has already been used in hPSC lines with minimal off-target effects (Hockemeyer et al., 2011) .
Box 2. Choosing transgene safe harbors
A transgene safe harbor must satisfy a number of criteria: (1) the locus should allow ubiquitous sustained transgene expression without affecting expression of neighboring genes; (2) integration of the transgene should not disrupt an essential endogenous gene or affect the maintenance or differentiation of hPSCs; and (3) the gene targeting efficiency should be relatively high to facilitate rapid, efficient transgenesis experiments. It is worth noting that more stringent criteria have been proposed for transgene safe harbors in therapeutic applications (Papapetrou et al., 2011) . Three promising loci have been identified so far: the human ortholog of the mouse ROSA26 locus (Irion et al., 2007) , the chemokine (CC motif) receptor 5 (CCR5) gene locus (Lombardo et al., 2007) and AAVS1 (also known as PPP1R12C) (Smith et al., 2008) . These loci have been extensively discussed in a recent review in the context of gene therapy (Sadelain et al., 2012) . 
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TALENs to generate DNA breaks, minimizing off-target cleavages and increasing the transfection efficiency. Recent improvements in ZFN and TALEN backbone optimization and mutation detection methods (Bedell et al., 2012; Miller et al., 2011) are expected to make gene targeting in hPSCs more convenient, efficient and cost effective. At the same time, other technologies may further improve the gene targeting efficiency in hPSCs, such as the use of helper-dependent adenoviral vectors (HDAdVs) (Aizawa et al., 2012; Suzuki et al., 2008) . Instead of creating locus-specific DSBs, HDAdVs have high cloning capacities (up to ~25-35 kb of DNA), and allow the use of much longer homology arms, which can increase the HR efficiency. Protection of adenoviral genomes by the terminal protein may also reduce random integration in HDAdV-mediated gene targeting. It will be exciting to see how these new technologies empower researchers to use hPSCs for developmental studies.
Discovery-driven research using hPSCs
Genetic screening is a powerful approach with which to identify novel regulators of development, as manifested throughout the history of developmental biology. The unlimited self-renewing capacity of hPSCs makes them well suited for large-scale genetic screens. Recent advances in HTS technologies, including the automated robotics and imaging systems, have made it feasible to perform large-scale screens. The aforementioned genetic tools should facilitate tracking or isolating cell types of interest in such screens. Below, we summarize two main screening formats that have been used for hPSCs, and discuss the potential of using HTS with hPSCs to uncover novel mechanisms of human development (Fig. 4) .
Chemical screens
Chemical screening (see Box 3) is an attractive approach with which to identify compounds that promote the differentiation of hPSCs into specific cell lineages. The subsequent identification of the molecular target(s) of a hit compound, though not always straightforward, may uncover novel genes and signaling pathways involved in the differentiation process. Several high-throughput screens have been performed to identify chemical compounds that influence the decision of hPSCs to either self-renew or differentiate (Barbaric et al., 2010; Desbordes et al., 2008; Zhu et al., 2009 ). One such screen demonstrated that protein kinase C (PKC)
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Development 140 (4) have not yet been reported using hPSCs, we envision it is possible to perform such screens using pooled shRNA viruses. Transduced cells can be further differentiated into the cell type of interest, and the target cell population can be isolated using cell surface markers or fluorescent reporters. To identify genes that inhibit or promote the lineage commitment, respectively, microarrays or next generation sequencing (NGS) can then be used to identify any over-or under-represented shRNAs (represented by red and green dots, respectively) in target cells compared with the reference cell population (e.g. the transduced cells before differentiation). FACS, fluorescence-activated cell sorting. REVIEW Development 140 (4) agonists increase the number of pancreatic progenitors derived from hPSCs (Chen et al., 2009) . It remains to be seen whether PKC signaling plays similar roles in vivo, and what its mechanisms of action are. Future in vivo studies will be necessary to determine the biological relevance of PKC signaling and other biological targets identified in various chemical screens performed in hPSCs.
RNAi screens
The discovery of RNA interference -gene silencing by doublestranded RNA -has not only transformed our understanding of gene regulation, but has also provided a powerful research tool with which to examine gene function directly. In recent years, RNAi has become increasingly popular as an effective tool for genome-scale, high-throughput analysis of gene function not only in classic model organisms such as C. elegans and D. melanogaster, but also in cultured human and mouse cells (Mohr et al., 2010b) . RNAi screens are typically conducted with either small-interfering RNA (siRNA)-based transient transfection, or short hairpin RNA (shRNA)-based stable gene knockdown, in arrayed or pooled formats (see Box 4, Fig. 4) .
Several RNAi screens of various scales have been conducted to study the self-renewal of mESCs (Ding et al., 2009; Fazzio et al., 2008; Hu et al., 2009; Ivanova et al., 2006; Jian et al., 2007; Zhang et al., 2006) , though only one screen has been performed on hESCs (Chia et al., 2010) . Using a whole-genome siRNA library, this screen successfully identified PRDM14 as a novel regulator of hPSC self-renewal. This type of screening has not yet been conducted to study specific aspects of embryonic development. With the rapid development of better directed differentiation protocols and powerful genetic tools for making faithful reporter lines, it is theoretically possible to first establish a reliable differentiation platform, and then to generate a tissue-specific fluorescent reporter, and eventually use either pooled or arrayed screens to identify genes that regulate the specification of a cell type of interest (Fig. 4) . We anticipate RNAi screens will offer enormous opportunities to identify novel genes involved in human development.
One potential challenge for HTS may lie in the length of differentiation protocols for some cell types, which could last for weeks or even months. As multiple differentiation steps are likely to be involved in such cases, individual screens can be designed to interrogate each specific step of differentiation. This approach, analogous to conditional knockout studies in vivo, also circumvents challenges such as early lethality and gene pleiotropy encountered in mouse genetic screens. At the same time, other genetic screening methods may emerge that complement RNAi screens. Large-scale insertional mutagenesis has been used to generate mESCs libraries carrying mutations of all protein-coding genes (Gragerov et al., 2007; Skarnes et al., 2011) . The in vitro application of these libraries has been limited so far by the fact that observation of recessive phenotypes requires homozygous mutant alleles. Recently, it has become possible to derive haploid mESCs that have the potential to generate a wide range of differentiated cell types, including germ cells both in vitro and in the embryo (Elling et al., 2011; Leeb et al., 2012; Leeb and Wutz, 2011; Li et al., 2012; Yang et al., 2012) . By combining with insertional mutagenesis, haploid mESCs can provide a useful platform for in vitro genetic screening. Likewise, such a platform may be developed for human cells through the use of insertional mutagenesis and the establishment of haploid hPSC lines. We anticipate that unbiased genetic screens using RNAi or newer, yet-to-be-developed methods will revolutionize gene discovery in human development.
Conclusions
Knowledge gained from studies of model organisms has clearly furthered our understanding of human development and has guided our efforts to generate specific cell types from hPSCs. Technological advancements in recent years have now presented us with an exciting opportunity to use hPSCs to gain novel insights into human embryonic development. We anticipate that hPSCbased research, combined with studies of classic model organisms, will teach us how human embryos develop. This knowledge will not only help us understand the underlying causes of human Box 3. Chemical screens Chemical libraries are typically supplied in an arrayed format, such that each chemical occupies a unique well of a multi-well plate (e.g. 96-or 384-well plate). The effects of chemicals can be determined by a variety of high-throughput screen assays, such as fluorescent reporter assays, luciferase-based reporter assays and assays for cell morphology and function. Notably, high-content image-based assays allow acquisition of multiple cellular features simultaneously, thus enabling investigation of complex cellular behaviors. Successful chemical screens rely on the establishment of robust directed differentiation platform, and access to chemical libraries and highthroughput equipment for compound application and image analysis. There is also the challenge of identifying the biological target(s) of a hit compound. Finally, chemical screens are limited by the number of genes that can be effectively targeted, which may be overcome by increasing the structural diversity of compounds in chemical libraries.
Box 4. RNAi screens
A standard small-interfering RNA (siRNA) library is composed of chemically synthesized 21 nucleotide siRNAs supplied in an arrayed format. Transfection of siRNAs into target cells can transiently downregulate target genes, thus providing a convenient way to screen for loss-of-function phenotypes. Short hairpin RNAs (shRNAs) are typically cloned into retro-or lentiviral vectors, which allows integration of the shRNA expression cassette into the host genome for sustained expression. Several genome-wide shRNA libraries have been constructed, including the Netherlands Cancer Institute (NKI) libraries (Berns et al., 2004) , the RNAi consortium (TRC) libraries (Moffat et al., 2006) and the Hannon-Elledge libraries (Paddison et al., 2004; Silva et al., 2005) . More recently, Cellecta has released the Decipher libraries available to the research community free of charge.
High-throughput RNAi screens in mammalian cells can be conducted in either arrayed (siRNA and shRNA libraries) or pooled format (shRNA libraries) (Fig. 4) . As the targeted gene in each well is known in the arrayed screen, identifying the target gene is straightforward once a phenotype is observed. However, the wider use of this method of screening is limited by several factors, including the high cost of reagents and robotics, and the equipment required for phenotype detection. In pooled screens, effects of individual shRNAs are identified by their enrichment or depletion in target cell populations. Microarray analyses were used in earlier screens to detect changes in shRNA abundance (Berns et al., 2004; Paddison et al., 2004) . Recent advances in next generation sequencing now offers a more quantitative and costeffective alternative. Compared with the arrayed format, the pooled format is less laborious and more feasible in a standard laboratory setting. However, pooled screens depend on methods for selection of target cells, and are not yet compatible with high-content imagebased analyses.
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diseases, but will also guide our efforts to develop treatments for these diseases. For example, the generation of functional mature cell types from hPSCs will be useful for cell replacement therapy, in vitro disease modeling and drug discovery. Will hPSCs become a favorite model of choice for developmental biologists? It is too early to say. Further development of this new model system will require the same kind of open-mindedness that has propelled the progress of previous model organisms in biology.
One future challenge of hPSC-based studies lies in validating the in vivo relevance of any in vitro findings. An obvious strategy is to use mouse models to investigate gene function during development, as we expect most genes will play conserved roles in mice and humans. However, there are clearly genes that do not exhibit conserved functions between mouse and human, and there is currently no clear strategy for investigating such genes. One solution is to engraft genetically modified hPSCs into animal models, such as mouse embryos or adult mice, in order to observe developmental or physiological phenotypes. Various 'humanized' mouse models have been explored in the past (Behringer, 2007; Eckardt et al., 2011; Shultz et al., 2007) . We anticipate more powerful experimental systems will emerge in the next decade for study of gene function during human development in an in vivo environment.
